Filopodia explore the environment, sensing soluble and mechanical cues during directional motility and tissue morphogenesis. How filopodia are initiated and spatially restricted to specific sites on the plasma membrane is still unclear. Here, we show that the membrane deforming and curvature sensing IRSp53 (Insulin Receptor Substrate of 53 kDa) protein slows down actin filament barbed end growth. This inhibition is relieved by CDC42 and counteracted by VASP, which also binds to IRSp53. The VASP:IRSp53 interaction is regulated by activated CDC42 and promotes high-density clustering of VASP, which is required for processive actin filament elongation. The interaction also mediates VASP recruitment to liposomes. In cells, IRSp53 and VASP accumulate at discrete foci at the leading edge, where filopodia are initiated. Genetic removal of IRSp53 impairs the formation of VASP foci, filopodia and chemotactic motility, while IRSp53 null mice display defective wound healing. Thus, IRSp53 dampens barbed end growth. CDC42 activation inhibits this activity and promotes IRSp53-dependent recruitment and clustering of VASP to drive actin assembly. These events result in spatial restriction of VASP filament elongation for initiation of filopodia during cell migration, invasion, and tissue repair.
Filopodia explore the environment, sensing soluble and mechanical cues during directional motility and tissue morphogenesis. How filopodia are initiated and spatially restricted to specific sites on the plasma membrane is still unclear. Here, we show that the membrane deforming and curvature sensing IRSp53 (Insulin Receptor Substrate of 53 kDa) protein slows down actin filament barbed end growth. This inhibition is relieved by CDC42 and counteracted by VASP, which also binds to IRSp53. The VASP:IRSp53 interaction is regulated by activated CDC42 and promotes high-density clustering of VASP, which is required for processive actin filament elongation. The interaction also mediates VASP recruitment to liposomes. In cells, IRSp53 and VASP accumulate at discrete foci at the leading edge, where filopodia are initiated. Genetic removal of IRSp53 impairs the formation of VASP foci, filopodia and chemotactic motility, while IRSp53 null mice display defective wound healing. Thus, IRSp53 dampens barbed end growth. CDC42 activation inhibits this activity and promotes IRSp53-dependent recruitment and clustering of VASP to drive actin assembly. These events result in spatial restriction of VASP filament elongation for initiation of filopodia during cell migration, invasion, and tissue repair.
Introduction
Cells move and interact with the environment by forming migratory structures composed of self-organized polymers of actin. These protrusions can be flat-sheet lamellipodia, or elongated, finger-like filopodia. Cells use lamellipodia as expanding membrane sheets driving cell locomotion (Wu et al, 2012) , while filopodia act as compasses navigating cell migration (Faix et al, 2009; Yang and Svitkina, 2011a) , as well as mechanical sensors (Chan and Odde, 2008) .
In lamellipodia, actin is organized in networks of branched filaments (Svitkina et al, 2003; Yang and Svitkina, 2011b) , generated by the concerted action of the Arp2/3 complex, capping proteins, and filament elongation factors (Svitkina and Borisy, 1999; Wiesner et al, 2003; Akin and Mullins, 2008) . Conversely, filopodia are composed of parallel actin bundles that emanate from the cell periphery (Adams, 2004) . However, in several cell types, filopodia and lamellipodia rapidly interchange during protrusion. Furthermore, filopodia are frequently embedded into, or arise from, pre-existing lamellipodia (Rottner et al, 1999; Svitkina et al, 2003) . This finding suggests that filopodia form through a reorganization of the underlying actin network by convergent elongation of pre-existing filaments, or by de novo actin nucleation and elongation (Faix et al, 2009; Yang and Svitkina, 2011a) . Whatever the case, the occurrence of lamellipodia-tofilopodia transition suggests commonalities between the two structures. For example, while it appears that capping proteins, including CP and EPS8, determine which actinbased protrusive organelle dominates at the cell periphery (Mejillano et al, 2004; Akin and Mullins, 2008; Vaggi et al, 2011) , they do not function in isolation. The ENA/VASP family of proteins (Gertler et al, 1995; Reinhard et al, 1995; Gertler et al, 1996) , which in mammals includes MENA, VASP, and EVL, also influence the underlying actin architecture of migratory protrusions (Bear et al, 2002) . Notably, by cellular localization alone, ENA/VASP proteins appear to be vital to this lamellipodial-filopodial transition since they localize to active sites of actin assembly, such as the tips of protruding lamellipodia and filopodia (Lanier et al, 1999; Rottner et al, 1999) . At the leading edge, the intensity of GFP-VASP has been shown to increase locally in puncta that subsequently give rise to filopodia, suggesting that higher order clustering of this protein may be critical for generating linear filaments to support filopodia protrusions (Lanier et al, 1999; Rottner et al, 1999; Svitkina et al, 2003; Applewhite et al, 2007) . Biochemical studies have recently shown that soluble VASP displays weak, processive polymerase activity (Hansen and Mullins, 2010) . High-density VASP clustering, however, is required to enhance processive filament elongation, even in the presence of high concentrations of capping proteins (Breitsprecher et al, 2008 (Breitsprecher et al, , 2011 . Not surprisingly, genetic evidence in various organisms showed that ENA/VASP proteins are essential players in filopodia formation (Schirenbeck et al, 2006; Gates et al, 2007; Kwiatkowski et al, 2007) . Whether and how the activity and higher order clustering of ENA/VASP family proteins is differentially tuned to control lamellipodia-to-filopodia transition remains, however, poorly defined.
Molecules sitting at the actin:membrane interface are predicted to be important in this process, albeit their nature and mechanisms of action remain unclear. One candidate is IRSp53 (Insulin Receptor Substrate of 53 kDa) (also called BAIAP2, brain angiogenic inhibitor interacting protein 2) (Abbott et al, 1999; Oda et al, 1999; Okamura-Oho et al, 1999) . IRSp53 possesses an inverted Bin-AmphiphysinRvs167 (I-BAR) domain that binds to PI(4,5)P 2 -rich lipid inducing negative curvatures, such as the ones required for filopodia protrusions (Zhao et al, 2011) . Consistently, IRSp53 expression is sufficient to induce filopodia-like structures (Bockmann et al, 2002; Yamagishi et al, 2004; Disanza et al, 2006) . Furthermore, IRSp53 binds activated CDC42 and, through its SH3 domain, a number of actin regulatory proteins that are involved in filopodia protrusions (Ahmed et al, 2010) . Among them, IRSp53 was reported to bind to MENA in vitro (Krugmann et al, 2001) and to VASP in FRETbased and co-immunoprecipitation assays (Lim et al, 2008; Vaggi et al, 2011) . Interestingly, the interaction between VASP and IRSp53 enhances the bundling activity of the former (Lim et al, 2008; Vaggi et al, 2011) . However, it is unknown whether IRSp53 affects other key biochemical activities of MENA and VASP, and what the functional consequences of these interactions are.
Here, we show that IRSp53 alone slows down barbed end growth. Binding to CDC42 relieves this inhibition and promotes IRSp53-dependent recruitment and clustering of VASP to the plasma membrane to initiate processive F-actin elongation. These events result in spatial restriction of VASP activity to initiate filopodia, drive cell migration, and promote tissue repair.
Results

Characterization of the IRSp53-VASP interaction
We initially characterized the interaction between IRSp53 and VASP using purified proteins and various binding assays. IRSp53 associates with VASP, as well as EVL, through its SH3 domain (Supplementary Figure S1a-f) that contacts VASP on proline-rich sites partially overlapping, but distinct from the Profilin binding sites (Supplementary Figure S1c and g ). Next, since VASP has recently been shown to acquire processive elongation activity upon clustering and IRSp53 can form dimer through its I-BAR domain (Millard et al, 2005) , we tested whether in solution the two proteins can form high order oligomer by dynamic light scattering. Purified IRSp53 produced a single major species with a hydrodynamic radius of about 7.2 nm ( Figure 1A ) consistent with its dimeric structure (similar results were obtained by hydrodynamic measurements; Supplementary Figure S2a) , while the VASP tetramer gave rise to a single species with a radius of about 14.3 nm ( Figure 1A) . Notably, the mixture of both proteins led to the formation of large clusters with an average diameter of about 200 nm (Figure 2A, left) . Importantly, the VASP-DPRD mutant, which is unable to bind to IRSp53 (Supplementary Figure S1e) , and the IRSp53 W413G mutant, which lacks VASP binding ability (Supplementary Figure S1c) , did not form heterocomplexes ( Figure 1A , right, and data not shown). In contrast, a VASP mutant lacking the central three GP 5 motifs (VASP-DGP 5 ), which retains IRSp53 binding ability, albeit with reduced affinity (Supplementary Figure S1d and f), was still able to hetero-oligomerize upon addition of IRSp53 ( Figure 1A , middle). Thus, IRSp53 promotes clustering of VASP in solution, and might therefore be a decisive factor in the regulation of VASP function in vitro and in vivo.
IRSp53-mediated inhibition of barbed end growth is relieved by CDC42
Given the established role of VASP as an actin elongation factor with a relatively weak filament nucleation activity (Huttelmaier et al, 1999; Samarin et al, 2003; Barzik et al, 2005; Breitsprecher et al, 2008; Pasic et al, 2008) , we next assessed whether IRSp53 regulates VASP filament elongation in bulk pyrenyl-actin polymerization assays. In this assay, VASP increased the rate (up to 2.5-fold) of spectrin-actin seeded barbed end growth from both ATP-G-actin (data not shown) and profilin-ATP-G-actin in an identical and dosedependent fashion, under conditions in which its nucleating effect was negligible ( Figure 1B ). In contrast, IRSp53 slowed down barbed end growth by B10-fold, in a substoichiometric concentration range with respect to G-actin, indicating that the interaction of IRSp53 with barbed ends, rather than with G-actin, mediates this inhibitory effect ( Figure 1C ). The interaction of VASP and IRSp53 with barbed ends also inhibited dilution-induced depolymerization of filaments ( Figure 1D) .
A structure/function analysis of IRSp53 domains mediating barbed end growth inhibition revealed that the SH3 domain binding activity is dispensable. Indeed, an IRSp53-W413G mutant inhibited barbed end growth to the same extent as wild-type (WT) IRSp53, but bound to barbed ends instantaneously with a Kd of 0.29 mM (Figure 1E , scheme; Supplementary Figure S2b and c) . In contrast, the isolated I-BAR domain of IRSp53 had no effect on barbed end growth Supplementary Figure S2b) . We determined that the minimal region that mediates barbed end growth inhibition includes the I-BAR domain and a stretch of 30 amino acids just before the SH3 domain (Figure 1E , scheme; Supplementary Figure S2d) . These results suggest that IRSp53 uses multiple interaction surfaces for inhibiting barbed end growth (e.g., the I-BAR domain to bind to filaments and additional surfaces to dock onto the barbed end protomers) or that it adopts an appropriate three-dimensional conformation centred on the dimeric I-BAR domain. Indeed, IRSp53 has recently been shown by the Dominguez group (in a work submitted elsewhere) to fold into a closed conformation held together by an intramolecular interaction between the SH3 domain and a proline-rich region that is part Figure S2d) . CDC42-GTPgS abolished the slowing down of barbed end growth by IRSp53-WT and the proline mutant, but not by a CDC42 binding-deficient mutant (IRSp53-I267A-S268A; Figure 1E ; Supplementary Figure S2e) . Importantly, only active GTP-loaded CDC42, but not the GDP-bound form, relieved IRSp53-mediated inhibition of Filopodia initiation by CDC42-IRSp53-VASP A Disanza et al barbed end elongation ( Figure 1F ). Thus, IRSp53 can inhibit barbed end growth in both the 'closed' and 'open' conformation, and CDC42 relieves this inhibition presumably by sterically hindering the IRSp53:barbed end interaction. Notably, inhibition of barbed end elongation by IRSp53 developed slowly during filament growth ( Figure 1C ). This finding is further supported by data showing that steady-state amounts of assembled actin were unaffected by the presence of IRSp53 and/or VASP at the concentrations tested (Supplementary Figure S2f) . Furthermore, an IRSp53 mutant retaining the minimal surfaces for barbed end inhibition, but lacking the entire SH3 domain (and thus presumably adopting an open conformation) instantaneously inhibited barbed end growth (IRSp53-1-374; Figure 1G ), similarly to IRSp53-W413G (Supplementary Figure S2b) .
Finally, we monitored filament elongation in real time by in vitro TIRF microscopy in the presence of IRSp53. Similarly to our bulk spectrin-actin seed assays, addition of increasing concentrations of IRSp53 significantly slowed down barbed growth by B30% ( Figure 2A ). This effect was reverted by the addition of activated CDC42 (Supplementary Figure S2g) . It must be noted, however, that TIRF data were collected in the early phase of filament elongation, between 0 and 400 s. In this time frame, we also detected partial inhibition of growth in bulk polymerization spectrin-actin seed assays. These data provide further evidence for the slow kinetics of IRSp53 association to barbed ends. To detect more extensive barbed end growth inhibition by TIRF, we would need to use concentrations of IRSp53 much higher than those we can achieve given the relatively low Kd (B0.3 mM) of IRSp53 for barbed ends (Supplementary Figure S2c) . The low affinity of IRSp53 for barbed ends could also result in short t1/2 of the IRSp53:barbed end complex, which may allow growth of barbed ends that are only transiently occupied by IRSp53. Alternatively, IRSp53 may bind slowly to barbed ends because it needs to undergo a slow conformational change for efficient binding, or a slow conformational change might follow IRSp53 binding to the sides of filaments, close to the barbed ends, resulting in a reduction in the rate of filament growth.
Although VASP and IRSp53 bind to each other, they have independent and opposing effects on barbed end growth. The addition of VASP to IRSp53-blocked barbed ends resulted in restoration of fast filament growth to rates obtained with VASP alone (Supplementary Figure S3a) . Hence, in this assay, the possible association of VASP and IRSp53 to barbed ends does not change the kinetic behaviour of VASP-bound barbed ends. Thus, the formation of a VASP::IRSp53 complex has negligible effects on the filament elongation rate of VASP in solution.
IRSp53 promotes VASP recruitment and clustering on supported surfaces to drive processive filament elongation High-density clustering of VASP onto functionalized beads allows processive, WH2 domain-mediated actin filament elongation, even in the presence of high concentrations of capping protein (Breitsprecher et al, 2008 (Breitsprecher et al, , 2011 . Thus, we assessed whether beads saturated with IRSp53 could recruit and cluster VASP to drive processive actin assembly in the presence of capping protein using TIRF microscopy. To facilitate the visualization of actin filament growth, we initially used a chimaeric VASP (VASP-DdGAB), bearing the GAB motif of the Dictyostelium discoideum VASP homologue. This DdGAB motif, due to its high affinity for G-actin, markedly enhances filament elongation compared to WT mammalian VASP at the low G-actin concentration (1 mM) used in the TIRF assay (Figure 2B and C; Supplementary Figure S3d; Breitsprecher et al, 2011) . We observed that highdensity crowding or clustering of VASP-DdGAB on IRSp53-coated beads relieved inhibition of actin growth by capping protein and promoted marked processive filament elongation (Figure 2B and C; Supplementary Figure S3d) . Buckling actin filaments grew away from the bead surfaces with elongation rates ranging from 37.1 ± 7 to 45.4 ± 5.5 actin subunits/s, which is comparable to the rate obtained with VASP-DdGABcoated control beads (Figure 2B and C; Supplementary Figure S3d ; Supplementary Movie 1). This elongation rate is about four times faster than the elongation rate (B10 actin subunits/s) of spontaneously growing actin control filaments (Breitsprecher et al, 2008 (Breitsprecher et al, , 2011 . The recruitment of VASPDdGAB to the beads was specifically mediated by IRSp53, since no filament growth was observed when uncoated beads were incubated with soluble VASP ( Figure 2B and C). Likewise, no filament growth was observed when beads were coated with IRSp53-W413G, which possesses a defective SH3 domain (Supplementary Figure S3d) . We extended these observations to human VASP (hVASP) and EVL (hEVL). In both cases, the recruitment of the proteins to IRSp53-coated beads in the presence of capping proteins promoted processive filament elongation in the presence of capping proteins ( Figure 2B and C). As expected, the rate of filament elongation in the presence of hVASP or hEVL was 3-to 4-fold slower compared to that of hVASP-DdGAB, due to the lower affinities of their GAB domains for G-actin (Breitsprecher et al, 2011) . Collectively, these results demonstrate that bead-immobilized IRSp53 is necessary and sufficient to recruit and cluster VASP from solution, which in turn drives processive actin filament assembly in the presence of CP.
CDC42 favours the formation of an IRSp53-VASP complex in vivo
IRSp53 can bind both activated RAC (Miki et al, 2000) and CDC42 (Govind et al, 2001; Krugmann et al, 2001) . MENA, another member of the ENA/VASP family protein, has been shown to bind to IRSp53 in a CDC42-dependent manner in vitro (Krugmann et al, 2001) . Using recombinant purified proteins, we first examined whether IRSp53 serves as a link between VASP and active CDC42. Binding of IRSp53 to GTP-CDC42 was readily detected, while VASP interacted with GTP-CDC42 in an IRSp53-dependent manner, indicating the existence of a CDC42-IRSp53-VASP complex ( Figure 3A) . Furthermore, the addition of saturating amounts of GTP-CDC42 increased the ability of IRSp53 to interact with VASP in vitro ( Figure 3B ). Similar results were obtained in coimmunoprecipitation experiments. The ectopic expression of active CDC42, but not of a dominant-negative mutant, significantly enhanced the amount of endogeneous IRSp53 coimmunoprecipitating with VASP ( Figure 3C ). The CDC42-dependent increase in the VASP:IRSp53 association was accompanied by a diminution of the EPS8:IRSp53 interaction ( Figure 3C ). Notably, VASP and EPS8 compete for binding to the SH3 domain of IRSp53, and in unstimulated conditions Filopodia initiation by CDC42-IRSp53-VASP A Disanza et al EPS8, which contrary to VASP acts as a capper, binds more efficiently than VASP to IRSp53 (Menna et al, 2009; Vaggi et al, 2011) . Thus, CDC42 binding promotes a switch in IRSp53-based molecular complexes that favours IRSp53 association with VASP, while reducing the interaction with EPS8, leading to the formation of an actin assembly promoting CDC42:IRSp53:VASP complex.
IRSp53-mediated association of VASP to PIP2-enriched membrane is required for proper clustering of VASP at the PM and filopodia formation Filopodia initiation is preceded by localized accumulation of VASP into discrete foci along the PM (Rottner et al, 1999; Svitkina et al, 2003; Yang et al, 2007) . IRSp53 also binds and localizes at the PM, accumulating at PIP2-rich sites (Zhao et al, 2011) . Thus, IRSp53 may control and enhance VASP activity by recruiting and spatially restricting its localization on PIP2-rich, curved PM. We first tested this hypothesis using FACS-based in vitro assays that monitor the ability of fluorescently labelled (Alexa-488) proteins to bind PIP2-rich liposomes in solution (Temmerman and Nickel, 2009 ).
Fluorescently labelled IRSp53 and IRSp53-W413G bound efficiently to liposomes only when PIP2 was included in the lipid mixture ( Figure 4A ; Supplementary Figure S4a) . Figure 4A ). This interaction was abolished when unlabelled IRSp53-W413G was used instead of WT IRSp53 (Figure 4A ), or by the addition of an excess of unlabelled EPS8 that competes with VASP for binding to IRSp53 (Disanza et al, 2006) (Figure 4A ).
We next explored whether IRSp53 is required for the formation of VASP foci at the leading edge. We took advantage of MEF cells derived from IRSp53 null mice Weiss et al, 2009 ) stably infected with mock empty vector, or vectors expressing IRSp53-WT or -W413G to levels similar to the endogeneous protein ( Figures 4D and 5C ). MEFs, VASP was distributed to focal adhesions and prominently enriched along lamellipodia ( Figure 4B ). At this latter location, bright foci of GFP-VASP frequently moved laterally, merged, and fused. These foci invariably preceded the extension of filopodia that were also positive for fascin ( Figure 4B ; Supplementary Figure S4b and c; Supplementary Movies 7 and 8). Conversely, in MEFs devoid of IRSp53 or reconstituted with IRSp53-W413G mutant, the formation of leading edge-localized GFP-VASP foci was significantly reduced, while VASP localization and dynamics in lamellipodia and focal adhesion remained unaltered ( Figure 4B ; Supplementary Movies 2-5). We also tested whether IRSp53 accumulates along the leading edge in discrete foci together with VASP by dual-colour time-lapse microscopy using GFP-VASP and mCherry-IRSp53. Notably, both proteins accumulated into bright, dynamic puncta at sites of filopodia initiation (Supplementary Figure S4b Figure S4d) . This finding suggests that these proteins are not required in the initial phase of filopodia formation. Thus, IRSp53 is specifically implicated in the recruitment of VASP to PIP2-rich membrane and in its apparent clustering along PM sites where filopodia are initiated, implying a requirement of the IRSp53:VASP complex in the formation of these protrusions.
To test the latter hypothesis, we monitored filopodia induced by the expression of active CDC42 or following the initial phases of cell spreading on extracellular matrix (ECM) substrates (Kozma et al, 1995; Applewhite et al, 2007) . A 440% reduction in CDC42-induced filopodia was observed in MEFs devoid of IRSp53 compared with cells reconstituted with IRSp53-WT ( Figure 5A-C) . Of note, when IRSp53 is expressed, it displays a diffuse punctate distribution throughout the cytoplasm, but also decorates the shafts of protruding filopodia (Figure 5A-C) . Similarly, in IRSp53-WT-reconstituted MEFs, VASP, as expected, was confined to filopodia tips. Conversely, removal of IRSp53 or re-expression of IRSp53-W413G in IRSp53 null MEFs prevented the proper localization of VASP (Supplementary Figure S5a-d) . VASP localized at the tips of filopodia in B80% of IRSp53-WT reconstituted cells, but only in 20 and 30% of empty vector and IRSp53-W314G reconstituted cells, respectively.
Filopodia protrusions are also typically formed during cell spreading onto ECM. Three different spreading modes have been described for mouse fibroblasts: smooth-edged, filopodial or ruffling (Applewhite et al, 2007) . ENA/VASP proteins are known to increase the number of cells that form filopodia (Applewhite et al, 2007) . We performed the same analysis in IRSp53 null MEFs infected with empty vector or IRSp53-WT shortly after plating on fibronectin ( Figure 5D ). We then scored cells into one of the phenotypic spreading modes ( Figure 5E ). Removal of IRSp53 does not affect cell adhesion ( Figure 5E ), but favours a smooth-edged/ruffling mode of spreading and significantly reduces the number of cells forming filopodia, mimicking VASP loss-of-function (Applewhite et al, 2007) . Finally, functional interference of CDC42 by expression of a dominant-negative mutant significantly reduced VASP clustering at filopodia initiation sites and its subsequent localization at filopodia tips during cell spreading (Supplementary Figure S5e) . Thus, IRSp53 is required for efficient filopodia formation during CDC42-dependent cell spreading, strengthening the notion that IRSp53 and VASP act in the same pathway.
IRSp53 drives cell directional migration and invasion, and is required for efficient epidermal wound healing in vivo
Filopodia drive directional migration and invasion into ECM (Vignjevic and Montagnac, 2008 ). Thus, we tested the impact of IRSp53 on these processes using our genetically modified MEFs in a battery of migration and invasion assays ( Figure 6 ). In wound healing assays, IRSp53 null MEFs were defective in closing the wound when compared with IRSp53-reconstituted cells. Defective wound closure was due to reduced speed and impaired directional migration ( Figure 6A ; Supplementary Movie 9). Importantly, IRSp53 null MEFs were impaired in extending polarized protrusions The number of filopodia/cell was counted. At least 100 cells were analysed in each experiment and three independent experiments were performed. Data are the mean ± s.e.m. (C) The expression levels of IRSp53, Myc-CDC42-L61, and vinculin were analysed by immunoblotting. There are four distinct splicing isoforms of IRSp53 (Scita et al, 2008) , which differ only in the very C-terminal region, displaying either a WH2 domain or a PDZ binding motif. The isoform we introduced into IRSp53 KO MEFs was BAIAP2-S carrying a PDZ motif at its C-terminus. (D) IRSp53 controls the mode of cell spreading and increases the number of filopodia forming cells. MEFs KO-pB and KO-pB-IRSp53 were seeded on fibronectin-coated coverslips and fixed at 5 or 10 min after seeding. Cells were stained with FITC-phalloidin (green), anti-IRSp53 antibody (red) and Dapi (blue) to detect actin filaments, IRSp53 (pB-KOIRSp53) and nuclei, respectively. The right panels represent magnifications of the indicated areas. Scale bar is 20 mm for the upper panels, 10 mm for the lower panels, and 5 mm for magnifications. To assess whether IRSp53 removal also resulted in an organismal migratory phenotype, we subjected 10-week-old IRSp53 KO and WT littermate mice to the dermal punch wound model of wound healing. During tissue repair keratinocytes, endothelial cells, macrophages, and mesenchymal cells, such as fibroblasts or myofibroblasts, migrate into the wound area (Gabbiani, 2003; Stappenbeck and Miyoshi, 2009) Filopodia initiation by CDC42-IRSp53-VASP A Disanza et al punched four wounds on the back skin of 10-week-old IRSP53 KO and WT mice and monitored wound closure over a 7-day period. Microphotographs, morphometric quantification, and H&E analysis of wounds revealed that IRSp53 KO animals displayed a marked delay in wound closure relative to control animals ( Figure 7A and B). Indeed, a thick clot was still present at 7 days after wounding and the wound limits were larger, while the re-epithelialization process was incomplete ( Figure 7B ). Notably, we detected no differences in the cellular composition and overall morphology between IRSP53 KO and WT mice, indicating that IRSp53 is dispensable for skin development, but required for wound re-epithelialization ( Figure 7C ). Importantly, IRSp53 is expressed in epidermal keratinocytes, macrophages, isolated dermal fibroblasts, and endothelial cells ( Figure 7D and E). Removal of IRSp53 delayed wound closure by keratinocytes in vitro (data not shown). Furthermore, quantitative analysis of cells at wound sites revealed that while endothelial cells were recruited in similar numbers and generated blood vessels of similar size in IRSp53 KO and WT mice, macrophages were instead significantly reduced in IRSp53 KO mice (Supplementary Figure S7) . This result is consistent with previous findings showing that IRSp53 removal impairs macrophage chemotactic cell motility (Abou-Kheir et al, 2008) . Collectively, these data suggest that IRSp53 removal impairs the re-population of wound sites by epithelial keratinocytes, macrophages, and dermal fibroblasts, which are the major cells involved in wound healing in vivo.
Discussion
Our study identifies a signalling and molecular mechanism that controls, in a spatially confined manner, VASP actin regulatory activity during the initial phases of filopodia formation from lamellipodia sheets, in response to CDC42 activation. We show that the membrane deforming I-BARdomain containing protein IRSp53 plays a critical role in this process and characterize the physiological relevance of IRSp53 regulation of filopodia in tissue repair and wound healing in mice. While CDC42 and VASP are established critical factors in filopodia formation, the signalling mechanisms regulating VASP activity and, in particular, its clusteringdependent processive elongation function, have remained elusive. Here, we show that the CDC42-IRSp53 axis is critical in mediating a switch from inhibition of actin barbed end growth (by IRSp53) to processive filament elongation following IRSp53-mediated clustering of VASP. Moreover, this signalling axis spatially restricts VASP activity along the leading edge of migrating cells, resulting in filopodia formation (Figure 8) . At the molecular level, IRSp53 exerts this function through a number of essential, biochemical, and signalling activities. First, via the I-BAR domain, IRSP53 can bind, sense, and promote PM deformation (Zhao et al, 2011) . This property is entirely independent from forces generated by actin polymerization or protein:protein interactions (Zhao et al, 2011) , suggesting that an initial step in the assembly of the machinery for filopodia formation is localized membrane evagination ( Figure 8 , step 1). These initial protrusions are subsequently, or concomitantly, stabilized and extended by actin filaments that elongate in a linear fashion (Figure 8 , step 2). Importantly, in the absence of stimuli, IRSp53 slows down barbed end growth, thus safeguarding against unwanted growth of actin filaments that would occupy the free space of outwardly curved PM, leading to unrestrained, isotropic filopodia extensions. In this respect, it is well established that the expression of the isolated IRSp53 I-BAR domain, which is devoid of barbed end activity, elicits the formation of aberrant, isometrically distributed filopodia-like structures that are nearly devoid of F-actin (Yang et al, 2009) . Intriguingly, the weak capping activity of IRSp53 may be reinforced by its association with EPS8 (Disanza et al, 2006) , which caps barbed ends with nanomolar affinity (Disanza et al, 2004) , suggesting that an EPS8:IRSp53 complex may be critical for proper control of filament growth at the leading edge. The inhibition of barbed end growth by IRSp53 is relieved by activated CDC42, which appears to compete Figure 8 Model depicting how CDC42 switches IRSp53 from inhibition of actin assembly to filament elongation by clustering VASP during filopodia formation. A series of distinct signalling and biochemically defined steps characterize the initial phases of filopodia formation, mediated by the membrane deforming protein IRSp53 and its interactor VASP.
Step 1: in the absence of stimuli, IRSp53 binds to the PM and slows down barbed end elongation. The constitutive association of IRSp53 with the capping protein EPS8 likely reinforces EPS8 capping activity (not shown) (Disanza et al, 2006; Vaggi et al, 2011). Step 2: following filopodia-inducing stimuli, activated CDC42 binds to IRSp53. This interaction relieves IRSp53-mediated inhibition of filament growth and promotes the formation of a CDC42:IRSp53:VASP complex, and simultaneously reduces the formation of the IRSP53:EPS8 complex.
Step 3: binding to CDC42 further facilitates the formation of IRSp53 and VASP foci at the leading edge of the PM, in which VASP clustering allows processive actin filament elongation in the presence of capping protein.
Step 4: membrane deforming activity of IRSp53 and processive filament elongation by VASP work in concert to extend actin filaments beyond the x, y plane of the membrane. During this process, the filaments become cross-linked by fascin (not shown), to resist counter membrane tension and extracellular compression forces.
Filopodia initiation by CDC42-IRSp53-VASP A Disanza et al with EPS8 for binding to IRSp53, as evidenced in coimmunoprecipitation experiments. This latter finding is remarkable from different points of view. At the biochemical level, it suggests that IRSp53 adopts different conformations controlled by CDC42 binding. In the absence of active CDC42, IRSp53 folds into a 'closed state' that negatively regulates actin polymerization. Binding of CDC42 induces a conformational switch that not only impedes barbed end association, but also promotes IRSp53 binding with some of its downstream targets (see below). Structural/biochemical evidence in this direction are provided by recent findings by Roberto Dominguez and colleagues (manuscript submitted elsewhere) that reveal how an SH3-CRIB-based intramolecular interaction is critical in mediating the switch from a 'closed' to an 'open/active' state of IRSp53. One additional important feature of IRSp53 is that the conformational switch appears to be dependent on consecutive association with EPS8 and CDC42 that eventually assemble into an open heterohexamer. Under these conditions, the barbed capping activity of IRSp53 is prevented by CDC42, while SH3 interactors, such as VASP, may bind to IRSp53, compete out EPS8, and eventually switch the activity of the complex towards filament elongation. Notably, we have previously shown that IRSp53 may contribute to filopodia elongation by promoting the bundling activity of a CDC42-IRSp53-VASP complex through oligomerization (Vaggi et al, 2011) . Thus, the formation of this complex may not only be required to promote processive filament elongation, an activity that is essential to initiate the growth of actin filaments and of filopodia, but also the bundling of filaments to sustain filopodia extension. This latter activity is thought to be primarily mediated by fascin (Vignjevic et al, 2006) . Nevertheless, bundling particularly close to the barbed ends, where the IRSp53::VASP complex is restricted, may subsequently favour tighter cross-linking by fascin. This crosslinking may confer sufficient stiffness to filopodia that then allows them to resist counter PM tension and extracellular forces.
The regulation of IRSp53 barbed end capping activity by CDC42 is also important in the context of RHO family GTPase signalling, and more generally, in the regulation of filament barbed end growth since little is known about the mechanisms and signalling pathways that target this critical activity. Indeed, blockade of barbed end growth is viewed as a 'default process' that must immediately take place to avoid uncontrolled filament elongation that would otherwise occur on free barbed ends, given the high concentration of G-actin (or G-actin::profilin complex) in cells (Koestler et al, 2009) . During filopodia initiation, instead, CDC42 actively and locally inhibits IRSp53 capping, further promoting a switch towards the formation of an active IRSP53::VASP complex driving filopodia formation.
Our data also shed light on how VASP activity is regulated in cells. First, we provide evidence that VASP, via IRSp53, is directly linked to CDC42, thus defining a CDC42-IRSp53-VASP signalling relay axis for actin assembly underlying filopodia formation. Second, we show that IRSp53 drives VASP clustering, which is essential for promoting sustained processive actin filament elongation of VASP at the PM in the presence of capping proteins (Breitsprecher et al, 2008 (Breitsprecher et al, , 2011 . It has recently been shown, using single molecule TIRF analysis, that isolated VASP is also capable of promoting processive elongation in the presence of profilin (Hansen and Mullins, 2010) . However, in solution, individual VASP tetramers are only weakly processive (Hansen and Mullins, 2010) . Clustering of VASP into dense foci appears, therefore, to be necessary to enhance this activity for the extension of spatially restricted and timely coordinated filopodia. Consistently, we show that VASP is recruited to foci at the leading edge primarily via specific IRSp53-mediated protein: protein interactions. We cannot exclude that barbed end binding by VASP may also contribute to localization at the PM. However, VASP association to free barbed ends does not explain signalling-dependent VASP clustering as satisfactorily as IRSp53-mediated recruitment of VASP. In this latter respect, it is worth emphasizing that the binding of VASP to membrane-associated proteins, such as Mig-10/ RIAM/Lamellipodin or CXCR2, has previously been reported (Krause et al, 2004; Neel et al, 2009 ). However, none of these proteins localized dynamically into discrete foci at filopodia initiation sites. Rather, they were distributed along the entire leading edge of lamellipodia, suggesting that they more likely contribute to the regulation of VASP activity in these migratory protrusions. Thus, it appears likely that distinct VASP-based protein complexes participate in the control of its multiple activities in different migratory structures, ultimately regulating the transition between lamellipodia-to-filopodia. It must be also pointed out that for this transition to be complete other activities, such as nucleation by formin family proteins (Peng et al, 2003; Pellegrin and Mellor, 2005; Schirenbeck et al, 2005) and bundling by fascin (Faix et al, 2009 ) are likely to be required to cooperate with the IRSp53::VASP filopodia initiation complex. Reconstituting the interplay between these factors will lead to a better understanding of how cells dynamically regulate the architecture of functional actin networks and their biological consequences.
Materials and methods
All animal experiments were conducted in accordance with national guidelines and were approved by the ethics committee of the Animal Welfare Office of the Italian Work Ministry and conformed to the legal mandates and Italian guidelines for the care and maintenance of laboratory animals.
Expression vectors, antibodies, reagents, and cells
Cytomegalovirus (CMV)-promoter-based and elongation factor-1 (EF1)-promoter-based eukaryotic expression vectors and GST bacterial expression vectors were generated by recombinant PCR. pEGFP-IRSp53 was from H Nakagawa (Austrian Academy of Sciences, Vienna, Austria), pmCherry-Fascin was from K Rottner (Institute of Genetics, University of Bonn, Germany) and JV Small (Institute of Molecular Biotechnology, Vienna, Austria), pmCherryEps8 (Addgene, One Kendall Sq, Cambridge, MA). All constructs were verified by sequencing.
The antibodies used were monoclonal anti-Eps8 (Transduction Laboratories, Lexington, KY); rabbit polyclonal anti-GST (Santa Cruz Biotechnology, Santa Cruz, CA); anti-Myc 9E10 (Babco, Berkeley, CA); anti-tubulin and rabbit polyclonal anti-IRSp53 (Sigma-Aldrich, St Louis, MO); rat monoclonal anti-F4/80 (AbD Serotec, Oxford, UK); rabbit polyclonal anti-CD31 (Abcam, Cambridge, UK). The monoclonal anti-IRSp53 was generated as described (Disanza et al, 2006) . Immortalized fibroblasts from IRSp53 þ / þ and IRSp53-/-embryos were as described . pBABE control, pBABE IRSp53 WT, and pBABE IRSp53 W413G re-expressing cells were obtained by infection of immortalized fibroblasts from IRSp53-/-embryos.
For additional detailed information on Materials and methods, see Supplementary data.
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Actin polymerization assays
Actin polymerization was monitored by the increase in fluorescence of 10% pyrenyl-labelled actin. Seeded polymerization was induced by addition of 0.05 M KCl, 1 mM MgCl 2 and 0.2 mM EGTA to a solution of Ca-ATP-G-actin (1.25 mM) containing spectrin-actin seeds, 5 mM profilin, and various concentrations of purified proteins. Fluorescence measurements were performed at 201C in a Safas Sfx or a Spex Fluorolog 2 spectrofluorimeter. Samples from seeded-polymerization assay were pelleted for 30 min at 400 000 g in a Beckman TL-100 tabletop ultracentrifuge. Equal amounts of starting materials, supernatants, and pellets were solubilized in loading buffer, boiled, and resolved on an SDS-PAGE gel. Each single assay was repeated at least five times with similar results. Representative experiments are shown. Dilution-induced depolymerization of pyrenyl F-actin was monitored in a Spex Fluorolog 2 instrument. A 50% labelled F-actin solution (2.5 mM F-actin) was diluted 50-fold into polymerization buffer (5 mM Tris-HCl pH 7.8, 0.1 mM CaCl 2 , 0.2 mM ATP, 1 mM DTT, 0.01% NaN 3 , 50 mM KCl, 1 mM MgCl 2 , and 0.5 mM EGTA) containing the desired amount of IRSp53 or VASP.
TIRF microscopy for monitoring of actin polymerization and elongation was performed with flow cells, essentially as described in Breitsprecher et al (2011) and Jegou et al (2011) (see Supplementary Experimental Procedures for details).
Statistical analysis
All data are presented as the mean±standard errors of mean (s.e.m.), except when specified otherwise. A Student's t-test was used to calculate the P-values.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
